A real-time immunoquantitative PCR (iqPCR) method for detection of Staphylococcus aureus enterotoxin B (SEB) was developed and evaluated using both pure cultures and foods. The assay consisted of immunocapture of SEB and real-time PCR amplification of the DNA probe linked to the detection antibody. iqPCR was compared to an in-house enzyme-linked immunosorbent assay (ELISA) using the same couple of capturedetection antibodies and to commercial kits for detection of S. aureus enterotoxins (SE). The iqPCR was approximately 1,000 times more sensitive (<10 pg ml ؊1 ) than the in-house ELISA and had a dynamic range of approximately 10 pg ml ؊1 to approximately 30,000 pg ml ؊1 . iqPCR was not inhibited by any of the foods tested and was able to detect SEB present in these foods. No cross-reactivity with SE other than SEB was observed. Application of iqPCR for detection of SEB in cultures of S. aureus revealed the onset of SEB production after 4 h of incubation at 22, 37, and 42°C, which was in the first half of the exponential growth phase. The total amounts of SEB produced by the two strains tested were larger at 42°C than at 37°C and were strain dependent.
The reported detection limits of available commercial systems for detection of Staphylococcus aureus enterotoxins (SE) range from 0.5 to 2 ng enterotoxin per g of food (11, 16, 18, 20, 21) . The sensitivity of detection methods and their ability to deliver quantitative information concerning the amounts of toxin present may require improvement, as it is possible that the established intoxication dose is underestimated due to constraining detection limits. Immuno-PCR is a detection method that combines the specificity of antibody-antigen recognition and the sensitivity of PCR. Immuno-PCR methods using endpoint detection with classical PCR and electrophoresis of amplicons for detection of Clostridium botulinum neurotoxin type A and E have been described (9, 10, 22) . The immunoquantitative PCR (iqPCR) technology previously described in a patent (24) couples an antibody detection step, similar to an enzyme-linked immunosorbent assay (ELISA), with nucleic acid amplification of a DNA probe linked to the detection antibody by real-time PCR. Use of real-time PCR for quantitative amplification (13, 14) , unlike endpoint analysis, provides data required for quantification of the target DNA. The results can be expressed in absolute terms by reference to an external quantified standard or in relative terms by reference to another target sequence present in the sample (19) .
In the present work an iqPCR method for detection of S. aureus enterotoxin B (SEB) was developed and evaluated using both pure cultures and foods. The sensitivity of the iqPCR method was compared to the sensitivities of two commercially available systems (SET-RPLA [Oxoid, Basingstoke, United Kingdom] and VIDAS-SET2 [bioMérieux, Marcy-l'Etoile, France]), as well as to the sensitivity of an in-house ELISA that served as an internal reference for iqPCR.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All strains used (Table 1) were stored at Ϫ80°C and were resuscitated in tryptone soya broth (TSB) (Oxoid, Basingstoke, United Kingdom) by incubation for 48 h at 37°C. The purity of strains was checked and the reference stock cultures were maintained on tryptone soya agar (Oxoid) slants.
Enumeration of pure cultures and determination of S. aureus counts in sterilized food samples (with background flora eliminated) used for monitoring S. aureus growth and SE production were done by a plate spread method on tryptone soya agar (Oxoid) incubated at 37°C for 24 h. Presumptive S. aureus and total aerobic mesophilic counts for presumably naturally contaminated foods were determined on Baird Parker agar with egg yolk and tellurite (Merck, Darmstadt, Germany) and on plate count agar (Oxoid) using the classical plate count method, respectively.
Antibodies, antigens, and in-house ELISA. Five different sandwich formats using capture and detection antibodies and three direct ELISA formats using only a detection antibody were tested ( Table 2 ). The formats were tested in duplicate and compared with each other using a twofold serially diluted standard solution of SEB (Toxin Technology, Inc., Sarasota, Fla.) as an antigen. All ELISA reactions were performed using 50 l per well (96-well flat-bottom Microlon 600 extra-high-binding-capacity microtiter plates or Microlon 600 highbinding-capacity strip plates; Greiner bio-one B.V., Wemmel, Belgium), as described elsewhere (8) .
iqPCR, primers, and DNA. To increase the sensitivity obtained with immunological detection in ELISA, a real-time iqPCR was developed using the same capture-detection antibodies (format 4) ( Table 2 ). The ability to monitor the real-time progress of the PCR allowed quantification of 5Ј biotinylated reporter double-stranded DNA bound to the biotinylated detection antibody via streptavidin, as shown in Fig. 1 , using SYBR green sequence nonspecific chemistry (14) . The 246-bp chimeric reporter double-stranded DNA (EMBL accession number AX133313) used was constructed by association of two DNA fragments of eukaryotic and prokaryotic origin (13, 14, 24) , which decreased the risk of nonspecific amplification. The primers were designed with the Primer Express software (version 1.0; Applied Biosystems, Foster City, Calif.). The sequence of the forward primer was 5Ј-AAGCCTTGCAGGACATCTTCA-3Ј, and the sequence of the reverse primer was 5Ј-GCCGCCAGTGTGATGGATAT-3Ј. The size of the amplicons obtained was 67 bp. iqPCR was carried out in Robostrips (Roboscreen, Leipzig, Germany) coated with immunoglobulin G-SLBI202 and saturated with optimized buffer. As in ELISA, the reaction volume was 50 l, and the wells were prepared identically up to the point of addition of the biotinylated detection antibody (immunoglobulin G-SBBC202). After 1 h of incubation with the detection antibody at room temperature, the strips were washed three times with phosphate-buffered saline (PBS) (Sigma-Aldrich, Bornem, Belgium) containing 1 ml liter Ϫ1 Tween 20 (Sigma-Aldrich) and three times with PBS containing 15 g liter Ϫ1 bovine serum albumin (Sigma-Aldrich). Briefly, recombinant streptavidin (Roche, Vilvoorde, Belgium) diluted 1/500,000 was incubated for 45 min on ice with biotinylated reporter DNA (10 ng ml Ϫ1 ) at a streptavidin/ reporter DNA molar ratio of 1:2 (14) . The resulting streptavidin-DNA complex was added to the wells and incubated for 30 min at room temperature. The strips were washed five times with PBS and 10 times with distilled water and were then subjected to PCR (ABI GeneAmp 5700 sequence detection system; Applied Biosystems, Foster City, Calif.) under the following conditions: 25 l of SYBR green PCR Master Mix 2X (Applied Biosystems, Lennik, Belgium), 0.3 M forward primer, 0.3 M reverse primer, and 19 l of water (total volume, 50 l).
The temperature program was as follows: 10 min at 95°C, followed by 40 PCR cycles of denaturation at 95°C for 15 s and 60°C for 1 min for the annealing and extension phases. The external standard (known concentration of DNA) was used at concentrations ranging from 2 pg liter Ϫ1 to 2 fg liter Ϫ1 . One no-template control contained the real-time PCR Master Mix without reporter DNA. The four other negative controls were samples without capture antibody, without antigen, without detection antibody, and without streptavidin-DNA complex. Amplification curves were analyzed with the Sequence Detection System software (version 1.9.1; Applied Biosystems, Foster City, Calif.), and the baseline was determined to circumvent background signals. The parameter threshold cycle (C t ), defined as the cycle number at which the fluorescence passed the fixed threshold, was used for quantitative determination of the initial SEB concentration. The cutoff value was adjusted manually on a run-to-run basis in order to select the best C t value for each run (by selecting the parallel exponential phases for the different samples) and to be rigorous for the iqPCR comparison (sensitivity study).
A standard curve was produced by plotting the average C t values of three repetitions against known SEB concentrations, and the linear range was used for SEB quantification in the samples tested. To cover a wide detection range with the iqPCR, the SEB concentrations used were formulated in a fivefold dilution series. However, to match some of the SEB concentrations tested with the ELISA, an additional twofold dilution series was made in the linear range from 19.5 to 0.6 ng ml Ϫ1 . The standard curve was reproduced using the same conditions in a different laboratory and with a different cycler (ABI Prism SDS 7000; Applied Biosystems, Foster City, Calif.).
The preliminary investigations of iqPCR specificity comprised a limited experimental setup with filter-sterilized cultures of S. aureus strains producing SE other than SEB (Table 1) , as well as with cultures of a nonenterotoxigenic strain (which did not produce SEA, SEB, SEC, SED, and SEE), which were inoculated into TSB (approximately 6 log CFU ml Ϫ1 ) and incubated for 24 h at 37°C. Commercial SE detection systems. Staphylococcal enterotoxin test kits for detection of staphylococcal enterotoxins A, B, C, and D by reversed passive latex agglutination (SET-RPLA; Oxoid) and an enzyme-linked fluorescent assay (VIDAS-SET2) with a Mini VIDAS compact automated immunoassay analyzer (bioMérieux) for SEA, SEB, SEC, SED, and SEE were used for comparison and to confirm results obtained with iqPCR. The assays were performed according to the manufacturers' protocols.
Determination of SEB production in food and culture media. SEB production and detection in five different foods were investigated. Cooked ham, tuna, and paella were obtained from a local producer on the day of production. Additionally, milk reconstituted from a milk powder and a mixture of caramel and coffee creamer (mass ratio, 1:4) were both prepared in the laboratory. The pH and water activity of foods were measured using a pH meter (type 763; Knick, Berlin, Germany) with an electrode (model 104063123; Ingold, Urdorf, Switzerland) and a cryometer (AW-Kryometer; type AWK-20; NAGY Messsysteme GmbH, Gäufelden, Germany), respectively. Portions (50 g) of each food product were sterilized (121°C for 15 min), which ensured removal of the background flora and mimicked the processing conditions used for foods such as infant formulations and at the same time allowed unhampered S. aureus growth that would result in detectable SEB production. Sterilized foods were inoculated with 1 ml of an appropriate dilution of an overnight culture of an S. aureus strain (incubated at 37°C), providing a toxin-relevant inoculum level of approximately 6 log CFU g Ϫ1 or 6 log CFU ml Ϫ1 , and were incubated at the optimal S. aureus growth temperature (37°C) for 24 h. Two additional samples of milk were inoculated and incubated at 22 and 42°C for 24 h. SEB was extracted from inoculated foods by mixing 10 g of food with VIDAS-SET2 extraction buffer (mass/volume ratio, 1:1). The mixture was incubated for 20 min at room temperature and centrifuged at 16,000 ϫ g (22 min at 22°C). The supernatant was separated by injection through a syringe with prewetted cotton in its cylinder. The eluate collected was immediately analyzed for the presence of SEB (or stored for a maximum of 24 h at Ϫ20°C). All samples were analyzed by iqPCR, in-house ELISA, VIDAS-SET2, and SET-RPLA. Besides food samples, a standard solution of SEB spiked into TSB or milk was simultaneously examined by iqPCR, which allowed quantification of SEB. iqPCR measurement was performed in duplicate or triplicate. For VIDAS-SET2 SEB was extracted from another 10 g of each sample by following the manufacturer's instructions.
To understand the impact of different incubation temperatures on SEB production, two SEB-producing strains, S. aureus ATCC 14458 and SK64f, were inoculated into TSB at a concentration of approximately 2 log CFU ml Ϫ1 . Nonenterotoxigenic S. aureus strain 171 served as a negative control. Cultures were incubated at 10, 22, 37, and 42°C, and SEB production was analyzed after 4, 8, 12, and 24 h in duplicate. Analyses were performed using iqPCR and in-house ELISA.
SEB and microbiological analysis of presumably naturally contaminated foods. Six different, presumably naturally contaminated foods were obtained at the point of sale or directly from the producer on day 0 (strawberry-vanilla ice cream, peach fruit yoghurt, chocolate soy milk, ready-to-eat salmon-based salad, ready-to-eat tuna-based salad, and cooked ham). Each of the foods was divided into two portions (20 and 30 g ). The 20-g portions were then divided into two 10-g portions, and therefrom two 8-g portions were spiked with 2 ml pure SEB (1 ng g Ϫ1 ) to obtain a final concentration of 0.2 ng g Ϫ1 . Both 10-g portions (8 g food and 2 ml SEB solution) were extracted as described above and analyzed by iqPCR and VIDAS-SET2. The 30-g portion was used to determine the microbiological loads of the food (namely, the aerobic mesophilic count and the presumptive S. aureus count, as described above).
Statistical analyses. Statistical calculations of mean values, standard deviations, and 95% confidence intervals were performed with Microsoft Excel 2003. The normality of data distribution for both in-house ELISA and iqPCR was determined with SPSS 12.0 (SPSS, Inc., Chicago, IL) using the Shapiro-Wilks W test. Appropriate Pearson correlations between the values in the linear range for iqPCR (SEB concentration versus C t ) and for in-house ELISA (SEB concentration versus optical density) were calculated.
RESULTS

Development of an in-house ELISA and commercial assays.
Although ELISA formats 2 and 4 had the same sensitivity, our choice to use format 4 throughout this study was based on the polyclonal recognition of multiple epitopes, which probably made it more tolerant to possible small changes in the nature of the toxin molecule induced during food preparation, thereby offering a more robust reactivity profile compared with monoclonal format 2. Figure 2 shows average ELISA results expressed as the optical density at 450 nm as a function of the SEB concentration obtained with pure SEB spiked into TSB (detection limit, approximately 1.5 ng ml Ϫ1 ). The same sensitivity was obtained with milk spiked with SEB. SET-RPLA and VIDAS-SET2 detected SEB in the standard solution, spiked TSB, and spiked reconstituted milk powder (same samples that were used for ELISA) down to concentrations of approximately 0.6 and 0.15 ng ml Ϫ1 , respectively. Using the antibodies described above with ELISA format 4, no signal greater than the noise (background plus 3 standard deviations) with strains producing SEA, SEC, SED, and SEE (filtrates of cultures incubated 24 h at 37°C) was observed.
Development of iqPCR. Detection of SEB with iqPCR started at a C t greater than 20 (Fig. 3) , allowing quantitative determination in the linear C t range from approximately 23 to 30. Average measurements obtained with iqPCR with standard SEB spiked into TSB showed that the sensitivity was approximately 1,000 times higher (less than 10 pg ml Ϫ1 ) than the sensitivity of ELISA (Fig. 2) . Known concentrations of SEB spiked into reconstituted milk powder (starting concentration, 750 ng ml Ϫ1 ) were detectable with iqPCR in a 10 5 -fold-diluted sample (corresponding to approximately 7.5 pg ml Ϫ1 ). A comparison of data in the linear range for iqPCR with data from the in-house ELISA showed a high negative correlation, Ϫ0.947 (Pearson correlation; P Ͻ 0.01). The distribution of data was assumed to be normal as a prior Shapiro-Wilks test did not prove otherwise either for ELISA (W ϭ 0.908; P ϭ 0.421, N ϭ 6) or for iqPCR (W ϭ 0.951; P ϭ 0.750; n ϭ 6). This explains the linear association between the results in the linear range for these two tests.
In iqPCR, all samples tested containing SE other than SEB had a C t value of about 30 and thus were comparable to the negative control sample. Nor were positive results observed in the SET-RPLA test with anti-SEB antibodies. This limited study indicated that there was no cross-reactivity of the SEB antibodies used with other SE or metabolites formed.
Determination of SEB production in food and laboratory media. All five foods inoculated with S. aureus had pH and water activity values greater than 5.8 and 0.98, respectively.
In paella and cooked ham inoculated S. aureus ATCC 14458 grew to concentrations of approximately 9 log CFU g Ϫ1 . In samples of the caramel-coffee creamer mixture and tuna no growth of S. aureus occurred. The resulting SEB production, as detected with iqPCR, is shown in Fig. 4 . Quantitative interpretation of the data shown in Fig. 4 (based on a comparison of C t values for different dilutions of food samples with C t values for known SEB concentrations in TSB run in the same reaction)
showed that the amounts of SEB produced in paella and in cooked ham were 15 ng g Ϫ1 and 6 ng g Ϫ1 , respectively. SEB was detectable in the caramel-coffee creamer mixture and tuna, but the amounts were below the quantification limits, indicating that may have been transfer of SEB with the inoculum. Also, the VIDAS-SET2 analysis of inoculated tuna and the caramel-coffee creamer mixture showed a weak but positive reaction. The same samples were negative (no SEB detected) when they were tested with an in-house ELISA. Additional iqPCR performed with tuna and the caramel-coffee creamer mixture spiked with pure SEB (750 ng ml Ϫ1 ) showed positive reactions until the concentration was 48 pg ml Ϫ1 , indicating that PCRs were not inhibited by the food matrix. Negative controls (food inoculated with S. aureus 171) and blank controls (noninoculated foods) were negative at all times. Production of SEB at 22°C and 42°C compared to production at the optimal growth temperature (37°C) was tested further in milk. At all three temperatures S. aureus counts of approximately 7 log CFU ml Ϫ1 were obtained, resulting in production of approximately 75 ng ml Ϫ1 SEB (Fig. 5) . No significant statistical difference at the 95% confidence interval was observed for SEB production and growth at the three temperatures tested.
Two S. aureus SEB-producing strains (ATCC 14458 and SK64f) were inoculated into TSB (approximately 2 log CFU , respectively), showing the reporter signal versus amplification cycle. The four negative controls were a sample without SEB, a sample without coating antibody, a sample without detection antibody, and a sample without streptavidin-DNA complex; all had a C t of more than 30. ) and incubated at 10, 22, 37, and 42°C. Neither of the strains tested produced SEB at 10°C, and the number of cells of both strains remained at the inoculum level. Figure 6 shows the results of enumerations and analyses of SEB production at 22, 37, and 42°C. Samples that showed negative results in the ELISA (concentration lower than approximately 1.5 ng ml Ϫ1 )
were retested with the more sensitive iqPCR. SEB production was found in all samples at 4 h. In general, the amounts detected at all temperatures were higher for S. aureus ATCC 14458 than for S. aureus SK64f. The amounts detected in TSB were higher at 42°C than at 37°C for both strains. SEB and microbiological analysis of presumably naturally contaminated foods. iqPCR analysis of presumably naturally contaminated foods showed no detectable SEB in any of the foods tested except chocolate soy milk. All of the nonspiked foods except chocolate soy milk had C t values higher than 31, similar to the values for negative controls (Fig. 7) . Samples spiked with 0.2 ng SEB g Ϫ1 had C t values between 27 and 28. A C t value of 28 corresponds to an SEB concentration of approximately 0.12 ng g Ϫ1 (deduced from Fig. 2) , indicating a possible minor loss of spiked SEB during extraction. Nonspiked foods were negative in the VIDAS-SET2 assay.
Microbial analysis showed that no S. aureus was present in any of the foods tested with an overall total aerobic mesophilic count of less than 10 3 CFU g Ϫ1 , except yoghurt samples, where the later count was approximately 10 7 CFU g Ϫ1 .
DISCUSSION
A large-scale outbreak in Japan involving more than 13,000 notified cases indicated that in different final prod- ucts 0.05 to 1.6 ng ml Ϫ1 of SEA was present, corresponding to approximately 4 ng g Ϫ1 of milk powder used to produce the final products (1, 2) . However, S. aureus cells were not isolated from any of the samples obtained in this outbreak. This suggests that there is a need for reconsideration of conventional analyses, which focus mainly on detection of S. aureus, and that there is a the need for development of a more sensitive method for enterotoxin detection. The total amount of enterotoxins needed for intoxication was reported to be approximately 200 ng (12) . The lowest concentration of SEB identified was 0.5 ng g Ϫ1 or 0.5 ng ml Ϫ1 (7, 20) . These concentrations are detectable with VIDAS-SET2, which has a detection limit of less than 0.5 ng ml Ϫ1 (20) , or by immunomagnetic flow cytometric detection of SEB, which has a detection limit of 0.25 ng ml Ϫ1 (17) . However, the sensitivities of the methods that have been described flank the minimum intoxication dose, indicating that it is possible that the actual intoxication dose is lower but so far has not been detectable.
The real-time iqPCR used in the present study was highly sensitive, detecting SEB at concentrations of less than 10 pg ml Ϫ1 . The iqPCR described utilizes the same couple of polyclonal antibodies as a sandwich ELISA that was used for internal comparison, which has a detection limit of approximately 1.5 ng ml Ϫ1 . The dynamic range of iqPCR was C t values of approximately 23 to 30, providing a quantification range of approximately 10 pg ml Ϫ1 to 30,000 pg ml Ϫ1 . Quantification could not commence at lower C t values as the ROX signal of the real-time cycler was calibrated to start from C t 7 to 15 (values near 13 in the current setup). A C t value of more than 30 for the control sample containing no SEB was expected due to the minor cross-reactivity of the antibodies, allowing fixation of some DNA in the well and causing a consequent background signal.
The specificity of iqPCR proved to be satisfactory as none of the test strains producing SEA, SEC, SED, and SEE reacted positively in the iqPCR. Extensive work of Becker et al. (4) revealed that the most of the strains tested in the present study harbor genes encoding other SE too. These authors found that strain ATCC 13565 was also positive for SED production and for the presence of the sej gene; strain ATCC 19095 harbored the seg, she, and sei genes; and strain ATCC 23235 harbored the seg, sei, and sej genes. Assuming that there was expression of all these genes, no cross-reactivity in iqPCR was observed with any of enterotoxins (SEA to SHE).
The high specificity, high sensitivity, and wide quantification range enabled study of SEB production correlated with the growth status, extrinsic and intrinsic factors, such as type of food and storage temperature, and the S. aureus strain involved. Use of iqPCR for detection of SEB in early growth phases revealed the onset of SEB production after 4 h of incubation at 22, 37, and 42°C, which was in the first half of the exponential growth phase. Some other findings suggest that SEB production is related to the late exponential phase and the transition to the stationary phase (6, 15, 23) , which can be the case for some other members of the SE family. A significant increase in SEB production was noticed when the S. aureus counts reached 5 log CFU ml Ϫ1 . At 37 and 42°C this level occurred after 4 h of incubation, while at 22°C the time required was more than 8 h. Incubation for 24 h at 10°C did not result in measurable SEB production, while at room temperature (22°C) 4 h was long enough to produce amounts reported in a recent outbreak (1, 2), corresponding to S. aureus counts of approximately 3 log CFU ml Ϫ1 . This is especially true when the background flora is absent or hampered in its competition with S. aureus, as shown in the present study with heat-treated foods. A temperature of 42°C favored SEB production compared to 22 and 37°C.
Since heat treatment of foods prior to inoculation with S. aureus eliminated the effect of the naturally present background flora, additional analyses of foods in their natural states were performed. iqPCR analysis of these foods showed that none of the foods tested inhibited PCR or impaired antigenantibody recognition. In addition, iqPCR showed the presence of detectable amounts of SEB in one of the samples tested, as confirmed with VIDAS-SET2. Earlier consumption of the product from the same batch of chocolate soy milk caused complaints by consumers. High C t values obtained with foods not spiked with SEB showed that no detectable amounts of SEB were present in them. This limited robustness test indicates that iqPCR performed well with different food matrices even with background flora present.
In this study iqPCR showed the potential for detection and quantification of small amounts of SEB in both pure cultures and food samples. To our knowledge, this is the most sensitive technique for detection of S. aureus enterotoxin B that has been reported so far. Further research will have to prove the relevance of the low detection limit with regard to the amounts of SEB found in food and other samples and their relationship to the exact intoxication dose and dynamics at which SEB is produced under the influence of different factors. Similar applications for other members of the SE family are foreseen, as is possible screening for enterotoxin production by other staphylococcal species, such as S. intermedius (5) .
